The ␣5 subunit of the GABA A receptor is localized mainly to the hippocampus of the mammalian brain. The significance of this rather distinct localization and the function of ␣5-containing GABA A receptors has been explored by targeted disruption of the ␣5 gene in mice. The ␣5 Ϫ/Ϫ mice showed a significantly improved performance in a water maze model of spatial learning, whereas the performance in non-hippocampal-dependent learning and in anxiety tasks were unaltered in comparison with wild-type controls. In the CA1 region of hippocampal brain slices from ␣5 Ϫ/Ϫ mice, the amplitude of the IPSCs was decreased, and paired-pulse facilitation of field EPSP (fEPSP) amplitudes was enhanced. These data suggest that ␣5-containing GABA A receptors play a key role in cognitive processes by controlling a component of synaptic transmission in the CA1 region of the hippocampus.
GABA A receptors are ligand-gated ion channels that are the major modulators of the inhibitory tone throughout the CNS. They are the site of action of a number of clinically important drugs, including benzodiazepines (BZs), barbiturates, and anesthetics (Whiting et al., 2001) . GABA A receptors exist as a number of subtypes formed by the coassembly of gene family subunit polypeptides, the majority of which contain ␣, ␤, and ␥ subunits (McKernan and Whiting, 1996; Barnard et al., 1998) . Each receptor subtype has a distinct pattern of expression within the mammalian brain, suggesting a defined physiological role (Wisden et al., 1992; Fritschy and Möhler, 1995) .
Gene-targeting approaches in mice proved to be useful to gain clues about the function of individual GABA A receptor subunits. For example, it has been demonstrated that GABA A receptors containing an ␣1 subunit mediate sedative-muscle relaxant effects of benzodiazepines, whereas those containing an ␣2 or ␣3 subunit mediate the anxiolytic-anticonvulsant effects (Rudolph et al., 1999; Löw et al., 2000; McKernan et al., 2000) . These results were obtained using knock-in mice in which individual GABA A receptor subunits were rendered diazepam-insensitive, but left normal otherwise, by introducing a His101 to Arg101 codon change into the murine ␣ subunits genes.
Gene knock-outs of entire GABA A receptor subunits also contributed to our knowledge of their physiological role. Homozygous mice lacking the ␥2 subunit of the GABA A receptor, which is the major ␥ subunit and is widely distributed throughout the brain, die shortly after birth. However, heterozygotes have a normal life expectancy and demonstrate neophobia when being exposed to a novel environment . ␤3 Ϫ/Ϫ mice have cleft palate, epilepsy, and behavioral characteristics resembling Angelman syndrome, providing evidence that the lack of ␤3-containing GABA A receptor subtypes contributes strongly to the overall severity of that human disease (Culiat et al., 1995; Homanics et al., 1997; DeLorey et al., 1998) . Considering their great abundance in the brain, it was surprising to find that ␣1, ␤2, and ␣6 Ϫ/Ϫ mice, respectively, do not demonstrate major phenotypic abnormalities, which could be attributable to compensatory adaptations in the mutant animals (Jones et al., 1997; Brickley et al., 2001) . Mice lacking the ␦ subunit are viable but show epileptic seizures and an attenuated sensitivity to neuroactive steroids (Mihalek et al., 1999) .
The role of GABA A receptors containing an ␣5 subunit have remained primarily undefined. ␣5-containing receptors have a particularly restricted distribution, being primarily expressed in the dendritic fields of the hippocampus where they account for ϳ20% of all GABA A receptors (Sur et al., 1998 (Sur et al., , 1999 . The localization to this region of the brain suggests that this GABA A receptor subtype may be involved in the physiological processes underlying learning and memory. In this study we have generated a mouse line with a disrupted ␣5 gene (␣5 Ϫ/Ϫ mice) and investigated the performance of this mouse in models of spatial learning, as well as characterized the changes in hippocampal neurophysiology that result from the loss of ␣5-containing GABA A receptors.
MATERIALS AND METHODS
Generation of ␣5 Ϫ/Ϫ mice. A bacterial artificial chromosome (BAC) library (Research Genetics Inc.) containing genomic DNA sequences of 129SvEv line was screened using a DNA fragment as a probe, which was amplified by PCR using the following oligonucleotides: 5Ј-GAGCGAAT-CACGCAGGTGCGAACAGAC-3Ј and 5Ј-GGTGCTGATGTTCTCA-GTGCCTACTGT-3Ј. PCR conditions were described earlier (Soriano et al., 1991; Rosahl et al., 1993) . Six positively hybridizing BAC clones were identified, and a 7.8 kb XbaI, a 6 kb BamHI/KpnI, and a 7.6 kb KpnI DNA fragment were subcloned into pBluescriptII. A multiple utility targeting vector was generated by cloning the 1.65-kb-long NotI/EcoRI cut pPGKneo cassette blunt-ended into the EcoRV site of the loxP site containing plasmid pBS246 (Sauer, 1993) and the 2-kb-long XbaI cut thymidine kinase (TK) cassette blunt-ended into the ScaI site of pBS246. A novel polylinker containing a BstXI, NheI, and HpaI recognition site was introduced into the EcoRI site of the multiple utility vector pBS246-neo-tk-1 (T. W. Rosahl and R. Cothliff, unpublished observations). The 7 kb long arm and 1.5 kb short arm were introduced via the ClaI and NheI cloning sites of pBS246-neo-tk-1.
The targeting vector was linearized with HpaI and introduced into AB2.1 embryonic stem (ES) cells as described (Rosahl et al., 1993) . Homologous recombinants were identified by using the following PCR primers: P1: 5Ј-CCC TAC TAGC TATGGGGGC TCCATTC T-3Ј and P2: 5Ј-GGATGCGGTGGGC TC TATGGC TTC TGA-3Ј. Correctly targeted ES clones were injected into blastocysts derived from C57/ BL6 mice. T wo chimeric males derived from one of the three injected ES clones gave rise to germline transmission of the targeted mutation. After f urther breeding, a colony of wild-type (W T) and homozygous ␣5 Ϫ/Ϫ mice were generated in a mixed 50% C57BL6 and 50% 129SvEv genetic background. Animals of the F3 generation only were used for this study.
Radioligand binding and Western blot anal ysis. For [ 3 H]L -655,708 autoradiography, mice were killed by decapitation, and brains were removed and frozen in cold isopentane. Coronal sections (10 -14 m) were cut using a cryostat, air-dried, thaw-mounted, and stored at Ϫ80°C. Slide-mounted sections were washed 30 min in ice-cold Tris-EDTA (10:1 mM), pH 7.4, buffer and incubated at 4°C for 2 hr in buffer containing 4 nM [
3 H]L -655,708 (Quirk et al., 1996; Sur et al., 1998 Sur et al., , 1999 Western blot analysis was performed using membranes prepared from hippocampi from W T and ␣5 Ϫ/Ϫ mice. Membrane preparations (Sur et al., 1998 ) (30 g of protein) were electrophoresed on 4 -12% gradient acrylamide gel (NuPage Bis-Tris gel, Novex), transferred to nitrocellulose membrane (Hybond; Amersham Pharmacia Biotech) and incubated with a specific polyclonal ␣5 subunit antibody (Sur et al., 1998) (Quirk et al., 1996; Sur et al., 1998) .
Water maze tests. The water maze used is a 1-m-diameter circular pool filled with an opaque mixture of water and white dye (E308, Morton) maintained at 26 -28°C. The three-dimensional spatial extra maze cues were fixed to the walls and hung with string from the structural framework. Animal movements were captured by closed-circuit video camera mounted directly above the center of the pool and analyzed using a Hampton Video Systems Image software system (Hampton Video Systems, Buckingham, UK). In the "matching-to-place" version of the water maze test, the position of the platform was altered daily. Animals were given four trials daily for 10 d, and the position of the hidden platform in order of days was as follows: northeast (N E), southwest (SW), C enter, east (E), northwest (N W), northeast (N E), west (W), SW, C enter, N E. For the first two trials on each day, the animals were placed in the pool at the most distal points from the platform position. The maximum trial length was 60 sec. If by that time the mouse had not climbed on to the platform, the trial ended automatically, the experimenter placed the mouse on the platform, and an escape latency of 60 sec was recorded. The mouse remained on the platform for 30 sec and was then removed to a high-sided opaque plastic container for a f urther 30 sec [intertrial interval (I TI)]. At the end of the I TI the mouse was placed into the pool again, but at a different location and after release the next trial began. This procedure was repeated until four trials had been completed. The improvement in the animals' memory was quantified by subtracting the trial 2 latency from the trial 1 latency to give the savings score. Statistically significant differences were determined using two-way ANOVA.
Elevated plus-maze. The apparatus consisted of a square partitioned off area measuring 160 ϫ 160 cm with the walls painted white. The elevated plus-maze consisted of four arms (5 ϫ 27.5 cm) joined by a central area (5 ϫ 5 cm). T wo opposite arms were enclosed by 30-cm-high walls, and the other two arms were open. The maze was elevated to a height of 50 cm. The floor of the maze was covered with a single piece of white rubber sheeting. The maze was placed in the center of the room, and fluorescent strip lights covered with polarizing film illuminated the apparatus. A camera fitted with a wide angle lens and covered with a polarizing lens cap was mounted above the maze. This relayed images to a V P200 advanced tracker (Hampton Video Systems Image), which in turn relayed digitized data to a personal computer running Hampton Video Systems Image plus-maze software.
Mice were placed on the central area of the maze facing an open arm and were allowed to explore the maze for 5 min. After the 5 min trial, the mouse was returned to its home cage. The maze was wiped clean using water and a paper towel. Statistically significant differences were determined using two-way ANOVA.
Two-way active avoidance. Each training session consisted of placing individual animals in a two-compartment shuttle box with a grid floor that operates on a tilt mechanism to detect the location of the animal. Each compartment had its own light source, and both halves were connected by an open doorway. At the beginning of each trial, the animal is exposed to light [conditional stimulus (C S)], which signals an unconditional stimulus (US) (footshock: 0.4 mA for 10 sec) delivered 10 sec later. Animals can actively avoid receiving footshock by crossing into the opposite (dark) compartment during the conditional stimulus (light). Alternatively, crossing compartments after initiation of footshock terminates shock delivery and is recorded as an escape. If an animal did not move during the 10 sec CS or the following 10 sec US, an unmoved response was recorded. Each session consisted of 15 light-shock trials with an ITI of 25-40 sec. Training was conducted in this manner for 12 d. Statistically significant differences were determined using two-way ANOVA.
Electrophysiolog y. Brain slices were prepared from W T and ␣5 Ϫ/Ϫ mice (5-to 6-month-old for long-term potentiation (LTP) studies, postnatal 14-to 32-d-old for kinetics studies), in accordance with the UK Animals (Scientific Procedures) Act (1986), as previously described (Seabrook et al., 1999) . To eliminate bias, the experimenters remained blind to the genotype of the animal during recording and all analysis.
For the LTP studies, field EPSPs were recorded using extracellular recording as previously described (Seabrook et al., 1999) . Briefly, test stimuli were applied every 30 sec, slopes were calculated on-line and allowed to stabilize so that baseline values varied by not Ͼ5% for a minimum of 30 min. LTP was induced by a theta-burst protocol (four pulses at 100 Hz repeated 10 times at an interval of 200 msec).
For the kinetics studies, evoked and spontaneous I PSC s were recorded using whole-cell patch clamp recording (V h ϭ Ϫ60 mV at 22°C) as previously described (Jarolimek and Misgeld, 1997) . A patch pipette filled with (in mM): 165 NaC l, 2 KC l, 1.67 C aC l 2 , 1 MgC l 2 , 17 D-glucose, and 10 H EPES, pH 7.3, was used to electrically stimulate inhibitory axons close to the pyramidal cell body layer (5-30 V for 0.02-0.1 msec). To minimize current spread to distal dendrites, the stimulation intensity was set just above the value that evoked ϳ50% failures. Recording electrodes were filled with (in mM): 150 KC l, 2 MgC l 2 , 0.1 CaCl 2 , 11 EGTA, 10 H EPES, and 2 MgATP, 5 lidocaine N-ethyl bromide (QX-314), pH adjusted to 7.3 with KOH. Peak amplitudes, rise and decay time constants of I PSC s were measured from individual and 6 -10 averaged traces using pC lamp 8.0 software (C lampfit; Axon Instruments, Foster C ity, CA) as previously described (Jarolimek and Misgeld, 1997) . Briefly, the decay of I PSC s was fitted with a double-exponential f unction using the Levenberg-Marquardt nonlinear least square algorithm. A decay was considered monoexponential when 1 was similar to 2 (Ϯ 10%), the weighting factor of 1 was 10ϫ larger than the weighting factor of 2 or 1 was Ͼ500 msec. Data are presented as the mean and SEM.
RESULTS

Generation and validation of ␣5 ؊/؊ mice
Mice deficient for the ␣5 subunit of the GABA A receptor were generated by gene targeting (Fig. 1a,b) . Quantitative autoradiographic analyses with [ 3 H]L-655,708, an ␣5-selective BZ site ligand (Quirk et al., 1996; Sur et al., 1998 Sur et al., , 1999 , demonstrated the absence of ␣5 BZ binding site containing GABA A receptors in the brains of ␣5 Ϫ/Ϫ mice (Fig. 1c,d) . Furthermore, Western blot analysis demonstrated the absence of an ␣5-specific band at 55 kDa in membranes from hippocampi of ␣5 Ϫ/Ϫ mice (Fig. 1e) (Fig. 1f ) . Radioligand binding experiments with [ 3 H]Ro15-1788, which binds with high affinity to the BZ site of ␣1-, ␣2-, ␣3-, and ␣5-containing receptors, revealed a significant reduction (Ϫ16%; Student's t test, p Ͻ 0.034) in the total number of BZ sites in ␣5 Ϫ/Ϫ hippocampus (WT, B max , 2.36 Ϯ 0.09 pmol/mg protein; ␣5 Ϫ/Ϫ, B max , 1.98 Ϯ 0.12 pmol/mg protein; mean Ϯ SEM, n ϭ 6). This reduction in total [
3 H]Ro15-1788 binding sites is consistent with the proportion of ␣5 receptors present in rat hippocampus (Sur et al., 1998) and suggests that the lack of ␣5 subunit in ␣5 Ϫ/Ϫ mice is not compensated by an upregulation of ␣1, ␣2, or ␣3 subunits (Fig.  1g) . The pharmacology of hippocampal BZ sites remaining in ␣5 Ϫ/Ϫ mice was unchanged, with similar affinity for Ro15-1788 (WT, K d , 1.93 Ϯ 0.35 nM; ␣5 Ϫ/Ϫ, K d , 1.98 Ϯ 0.14 nM; mean Ϯ SEM, n ϭ 6) and flunitrazepam, another BZ site ligand (WT, K i , 4.9 Ϯ 0.85 nM; ␣5 Ϫ/Ϫ, K i , 4.6 Ϯ 0.82 nM; mean Ϯ SEM, n ϭ 3).
Enhanced performance of ␣5 ؊/؊ mice in the water maze Homozygous ␣5 Ϫ/Ϫ mice display no overt phenotypic abnormalities, have a normal life span, breed normally, and do not exhibit spontaneous seizures (data not shown). In tests evaluating motor performance and coordination (by testing their ability to balance on beams of various sizes and their ability to stay on a rotating rod) ␣5 Ϫ/Ϫ mice were indistinguishable from WT mice (data not shown). To investigate the role of ␣5-containing GABA A receptors in learning and memory, we determined the Figure 2 . Enhanced performance of ␣5 Ϫ/Ϫ mice in the matching-toplace version of the water maze test. Eighteen WT and 20 ␣5 Ϫ/Ϫ mice were used in this test. a, The difference in time taken between trial 1 and trial 2 (savings) to find the hidden platform over the 10 d testing period is shown. ␣5 Ϫ/Ϫ mice made significantly higher savings compared with WT mice. b, ␣5 Ϫ/Ϫ mice were significantly quicker (*) at finding the hidden platform for both trial 2 and trial 3.
performance of the ␣5 Ϫ/Ϫ mice in the water maze, a hippocampal-dependent test of cognition (Morris 1984) .
The "matching-to-place" version of the water maze was used, in which the position of the submerged platform in the pool varies each day, but remains in the same location for the duration of that day (Steele and Morris, 1999) . The mouse is required to find the platform four times each day. On the first trial of each day the mouse must search the 1-m-diameter pool for the hidden platform. If it locates the hidden platform more rapidly on trials 2, 3, and 4, this indicates that the mouse has remembered the platform position on trial 1. The improvement in memory can be quantified by calculating the difference between the time taken to find the platform on trial 1 compared with subsequent trials. Figure 2a shows a significant improvement in performance between trial 1 and trial 2 for the ␣5 Ϫ/Ϫ compared with WT mice ( p Ͻ 0.05). Data from a 10 d period of testing shows a significant difference in performance in trial 2 ( p Ͻ 0.005) and trial 3 ( p Ͻ 0.05) between ␣5 Ϫ/Ϫ and WT mice (Fig. 2b) . There was no significant effect of swim speed between ␣5 Ϫ/Ϫ and WT mice (F (1.36) ϭ 0.54; p ϭ 0.465), and no significant differences in the performances between males and females of both genotype groups were observed.
Normal performance of ␣5 ؊/؊ mice in the two-way active avoidance and elevated plus maze tasks Elevated plus-maze
Differences in anxiety levels could potentially serve as confounding factors during studies of cognition and memory. To determine whether ␣5 Ϫ/Ϫ animals have a higher predisposition to elevated anxiety levels, the mice were evaluated using the elevated plusmaze, an unconditioned model of anxiety (Lister, 1987) . This apparatus consists of two open arms and two enclosed arms in a "ϩ" shape with an open roof and elevated at a height of 50 cm. Mice are allowed to explore the apparatus for 5 min. Usually, mice prefer the closed arms of the maze to the open arms, and they spend a significantly greater amount of time in the closed arms, and enter them more frequently than the open arms. Clinically effective anxiolytics such as chlordiazepoxide (CDP) increase the time spent in an the entries made to the open arms (Pellow et al. 1985) .
The ␣5 Ϫ/Ϫ and WT mice were tested on the elevated plusmaze (Fig. 3a) . The results demonstrated that ␣5 Ϫ/Ϫ mice do not appear to have elevated background anxiety levels on the plus-maze, spending comparable times in the open and closed arms to the WT mice. A second experiment was designed to determine whether ␣5 Ϫ/Ϫ mice showed altered sensitivity to the anxiolytic-like effects of the BZ CDP (which does not have selectivity for any of the major GABA A receptor subtypes). CDP lead to anxiolytic-like effects in both ␣5 Ϫ/Ϫ and WT mice on the plus-maze (Fig. 3b) . There was no significant effect of sex in any of the plus-maze studies, and thus this grouping factor was collapsed.
Two-way active avoidance
In two-way active avoidance studies, dangerous and safe areas are constantly interchanged, most commonly using a shuttle box. In a typical experiment the animal is on one side of the twocompartment apparatus when a warning signal (light or tone) is presented. At some time after the onset of this stimulus a shock is delivered, unless the animal has by then moved to the other side of the apparatus. If it is still on the original side, it can escape shock by running to the other side. The warning signal is itself normally terminated by the animal crossing to the other side, whether by successful avoidance or on escape trials. The avoidance response then, consists of crossing to the other side of the box, taking the animal back to the side from which it ran away on the previous trial. The successful performance of animals with hippocampal lesions in two-way active avoidance (Gray, 1982) suggests that this task is not hippocampal-dependent. ␣5 Ϫ/Ϫ and WT mice were tested in a two-way active avoidance task over a period of 12 d (Fig. 4) . The performance of ␣5 Ϫ/Ϫ mice was not different than that of WT mice. However, there was a significant effect of sex with female mice performing at a level inferior to that of the male mice ( p Ͻ 0.05). Subsequent studies revealed that this could be attributable to an increase in sensitivity to footshock in and/or a decrease in spontaneous locomotor activity in the female mice (data not shown).
Enhanced paired pulse facilitation, but normal long-term potentiation, in ␣5 Ϫ/Ϫ mice
To determine whether ␣5 Ϫ/Ϫ mice have alterations in synaptic f unction within the hippocampus we examined the effect on low-frequency synaptic transmission, on paired-pulse facilitation (PPF) and depression (PPD) in the CA1 region and dentate gyrus, respectively, and the ability of high-frequency stimuli to induce LTP. No difference was found in the ability of low-frequency stimuli to activate fEPSPs in either the CA1 or dentate gyrus. The maximal fEPSP strength in W T and ␣5 Ϫ/Ϫ mice was 1241 Ϯ 127 and 1155 Ϯ 132 mV/sec, respectively, in the CA1 region (Fig. 5a) , and 1188 Ϯ 93 and 1270 Ϯ 100 mV/sec, respectively, in the dentate gyrus (Fig. 5b) . However, the ability of paired-pulse stimuli to facilitate the amplitude of synaptic potentials was significantly enhanced in ␣5 Ϫ/Ϫ mice (ANOVA with repeated measures for intervals 100 -300 msec: p ϭ 0.02, F (1.92) ϭ 5.58, n ϭ 46 and 48 slices from W T and ␣5 Ϫ/Ϫ mice, respectively) (Fig. 5c ). This effect was specific to the amplitude of the postsynaptic potential, a parameter that is regulated by postsynaptic GABA A receptors (Pananceau et al., 1997) , because the enhancement of fEPSP slopes over the same paired-pulse interval range of field EPSP slopes was unaffected (ratio of PSP2/ PSP1; PPF at 100 msec ϭ 1.52 Ϯ 0.03 in W T and 1.52 Ϯ 0.03 in ␣5 Ϫ/Ϫ mice). This alteration was specific to the CA1 region, because deletion of the ␣5 subunit had no effect on the ability of paired-pulse stimuli to induce synaptic depression in the dentate gyrus (Fig.  5d) , when either the amplitude or slope of fEPSPs were measured (PPD at 100 msec ϭ 0.82 Ϯ 0.01 in W T and 0.81 Ϯ 0.02 in ␣5 Ϫ/Ϫ mice for amplitude, and for slopes the ratios were 0.83 Ϯ 0.01 in W T and 0.83 Ϯ 0.01 in ␣5 Ϫ/Ϫ mice; n ϭ 41 and 42 slices, respectively). This may reflect the regional localization of ␣5-containing receptors, which are considerably more abundant in the CA1-CA3 regions than in the dentate gyrus where other GABA A receptor subtypes predominate (Sperk et al., 1997) . In contrast with the enhancement of PPF in the CA1 region of ␣5 Ϫ/Ϫ mice, there was no significant enhancement of LTP induced by either theta burst stimulation alone (LTP at 60 min after stimulus ϭ 128 Ϯ 6% of control in W T and 141 Ϯ 7% of control in ␣5 Ϫ/Ϫ mice; n ϭ 32 and 38 slices, respectively) (Fig. 6) or by a brief tetanus followed by a theta burst (LTP at 60 min after stimulus ϭ 235 Ϯ 20% of control in W T and 195 Ϯ 11% of control in ␣5 Ϫ/Ϫ mice; n ϭ 10 and 9 slices, respectively).
Altered sIPSCs kinetics in ␣5-deficient mice
Spontaneous I PSC s (sI PSC s) were recorded from CA1 pyramidal neurons in brain slices in the presence of glutamate and GABA B receptor blockers (see Materials and Methods) (Fig.  7a) . The amplitude of sI PSC s varied over a large range (8 to Ͼ200 pA), suggesting that both proximal and distal release sites were activated (Kapur et al., 1997) . In W T mice, sI PSC s occurred at a mean frequency of 3.0 Ϯ 0.3 Hz, a mean rise time of 1.4 Ϯ 0.1 msec, a mean amplitude of 48.6 Ϯ 5.4 pA, and had a reversal potential of ϳ0 mV consistent with GABA-mediated chloride currents (n ϭ 15 hippocampal slices). The characteristics of sI PSC s recorded in W T mice were entirely consistent with previous studies conducted in the rat hippocampus (Ropert et al., 1990) . Deletion of the ␣5 subunit in ␣5 Ϫ/Ϫ mice had no effect on the frequency (3.2 Ϯ 0.7 Hz) or rise time (1.5 Ϯ 0.1 msec) of sI PSC s (n ϭ 13 hippocampal slices). In contrast, the mean peak amplitude of sI PSC s were significantly smaller (67% of W T; p Ͻ 0.01 using Student's t test) in ␣5 Ϫ/Ϫ mice (32.4 Ϯ 3.1 pA; n ϭ 13 slices) (Fig. 7b,d) . Similarly, local electrical stimulation within the pyramidal cell layer evoked I PSC s with a smaller mean peak amplitude (87% of W T) in ␣5 Ϫ/Ϫ mice (257 Ϯ 63 pA in ␣5 Ϫ/Ϫ mice and 295 Ϯ 50 pA in W T mice; n ϭ 12 and 15 slices, respectively) (Fig. 7d) . This reduction in amplitude is consistent with the loss of ␣5-containing GABA A receptors in the hippocampus of these mice as determined by radioligand binding (discussed above).
The rate of sI PSC decay has previously been shown to be highly sensitive to modulators of the GABA A receptor (Segal and Barker, 1984; Strecker et al., 1999) . To determine whether the rate of I PSC decay was affected by deletion of the ␣5 subunit, I PSC s were averaged and the decay fitted with a mono-or double-exponential f unction (Fig. 7c) . Consistent with previous studies, the time course of the decay of I PSC s was usually best fit by a sum of two exponentials (Pearce, 1993). There were no significant differences between the time constants of mono-exponential decays and fast and slow double-exponential decays of sI PSC s or evoked I PSC s between W T and ␣5 Ϫ/Ϫ mice (Fig. 7d) . However, in ␣5 Ϫ/Ϫ mice, 29% of sI PSC s were best fitted to a monoexponential f unction (17 of 59 averaged sI PSC s from 13 slices), whereas in the W T animals significantly fewer sI PSC s were monophasic (8 of 71 averaged sI PSC s from 15 slices; p Ͻ 0.02 using Fisher's exact test). Similarly, in ␣5 Ϫ/Ϫ mice 29% of evoked I PSC s were best fitted to a monoexponential f unction (7 of 12), whereas in the W T animals fewer sI PSC s were monophasic (5 of 15).
Thus, fewer cells in ␣5 Ϫ/Ϫ mice exhibited a fast inactivating component to the I PSC compared with W T (Fig. 7d) .
DISCUSSION
In this study we have used a gene disruption approach to investigate the function of ␣5-containing GABA A receptors. The restricted localization of ␣5, primarily to the dendritic regions of the CA1-CA3 fields of the hippocampus, suggests the possibility that this subtype may influence or contribute to the molecular processes underlying learning and memory. Indeed, disruption of the ␣5 gene lead to an improved performance in the water maze model of spatial learning, suggesting that this is the case. In contrast, and in agreement with the mainly hippocampal localization of ␣5-containing GABA A receptors, the performance in a non-hippocampal-dependent learning task was unaltered in ␣5-deficient mice, as determined in the passive avoidance assay. Moreover, the shorter latency times to find the hidden platform in the Morris water maze were not caused by an increased anxiety level of the ␣5 Ϫ/Ϫ mice, as shown by the data on the elevated plus maze. Therefore, deletion of the ␣5 gene seems to affect specifically hippocampal-dependent learning and memory. However, it cannot be ruled out entirely, that potential abnormalities may exist in other relevant brain subregions such as the amygdala and neocortex, where the ␣5 subunit of the GABA A receptor is also expressed, but at a very low level compared with other GABA A receptor ␣ subunits.
What could be the underlying mechanism of altered synaptic transmission resulting in the enhanced performance of the ␣5Ϫ/Ϫ mice in the water maze model of spatial learning? The ␣5-containing GABA A receptors would be predicted to contribute to GABA-mediated inhibitory synaptic currents in the hippocampus, and so one possible effect of disruption of the ␣5 gene would be a reduction in the amplitude of IPSCs. Indeed, the amplitude of sIPSCs was significantly smaller in ␣5 Ϫ/Ϫ mice compared with WT, with a 33% reduction in the mean peak amplitude (from 48.6 to 32.4 pA). This value is in accord with the reduction of GABA A receptors in the hippocampus of ␣5 Ϫ/Ϫ mice, as determined by a radioligand binding assay. An additional characteristic of inhibitory synaptic currents that may be altered after the disruption of a GABA A receptor subunit gene is the current inactivation time constant. The decay of spontaneous IPSCs in CA1 pyramidal cells can be fitted with mono-or double-exponential algorithm (Roepsdorff and Lambert, 1994; Pearce et al., 1995) . The two time constants may reflect populations of GABA A receptors that have different channel inactivation time constants (Roepsdorff and Lambert, 1994) . Because the lack of ␣5-containing receptors does not change the average decay time constants for either mono-or bi-exponential sIPSCs, it can be concluded that the overall decay of hippocampal sIPSCs is not dominated by ␣5-containing GABA A receptors, in line with their relative abundance. Interestingly, however, the relative proportion of cells with inhibitory synaptic currents that had a fast component to the IPSC inactivation was significantly less in ␣5Ϫ/Ϫ mice (71%) compared with WT mice (89%). This, coupled with a significant reduction in the peak amplitude of sIPSCs, is consistent with the enhanced ability of paired pulse stimuli to facilitate the amplitude rather than the initial slope of synaptic potentials in the ␣5 Ϫ/Ϫ mice.
Enhancement of learning and memory coincident with increased LTP has been described for transgenic mice overexpressing the NR2B subunit of the NMDA-type glutamate receptor (Tang et al., 1999) and also in mice lacking the nociceptin receptor (Manabe et al., 1998) . However, two different versions to induce theta burst long-term potentiation failed to reveal significant abnormalities in the ␣5 Ϫ/Ϫ mice, although there was a tendency toward an enhancement of LTP (Fig. 6) . One interpretation is that the increase in PPF and/or decrease of the peak amplitude of sIPSCs alone is sufficient to support some forms of enhanced learning and memory. However, other forms of synaptic plasticity within the hippocampus may also contribute to the enhanced cognitive performance observed in this study. There is considerable contention regarding the relationship between LTP and learning and memory, particularly in the context of transgenic models, and this study adds to that controversy. Although some studies show coordinate deficits in cognitive tasks and LTP (Grant et al., 1992; Abeliovich et al., 1993; Tsien et al., 1996) , others fail to show such a relationship (Silva et al., 1996; Meiri et al., 1998; Migaud et al., 1998; Zamanillo et al., 1999) . Similarly, deficits in PPF in ␣ calcium calmodulin kinase II knock-out mice have been reported to be associated with impairment in spatial learning (Silva et al., 1996) , whereas others have described enhanced PPF in synapsin I knock-out mice (Rosahl et al., 1993) in the absence of any concomitant change in cognitive performance (Silva et al., 1996) . Therefore, we suggest here that the decreased GABAmediated synaptic inhibition in the hippocampus, as shown by In the examples shown, the decay of the sIPSC recorded from the WT mouse was best fitted to a double-exponential function, whereas the decay of the sIPSC recorded from the ␣5 Ϫ/Ϫ mouse was best fitted to a monoexponential function (decay fits superimposed in red). d, Summary of the mean data of spontaneous and evoked IPSC mean peak amplitude and decay kinetics from WT and ␣5 Ϫ/Ϫ mice. the reduced peak amplitudes and slower decay times of sI P-SC s, is the most likely underlying mechanism for the enhanced performance of ␣5-deficient mice in the learning and memory task. Our behavioral and electrophysiological evidence suggest a central role of the ␣5 subtype of the GABA A receptor in cognitive processes. The discrete localization of the ␣5 subtype mainly in the hippocampus and the excellent sensitivity of the inhibitory GABAergic system to pharmacological intervention make the ␣5-containing GABA A receptor an attractive novel target for treatment of disorders associated with cognitive defects.
